imperfect advice. That is, individual radiologists make different diagnostic decisions (and errors), and also make different judgments on whether they will accept or reject a CADe opinion. Thus, when introducing a highly accurate but still imperfect clinical decision-support system for providing a diagnosis, the 'independent' second-reader role the FDA has approved for CADe might not be the most effective way to realize the full potential of the technology.
We believe that tailoring or customizing decision support to the individual radiologist and case context is a more effective way to maximize the clinical effectiveness of CADe in terms of helping radiologists improve their diagnostic accuracy compared with conventional CADe. Existing CADe systems are already highly accurate in assessing image content in an independent manner, but are not sophisticated enough to select useful information without overwhelming the individual user. We began with a pilot study 10 to test whether a 'contextsensitive' CADe tailored to the individual radiologist's visual search and cognitive pattern is more effective than the conventional 'one-size-fits-all' CADe, which gives the same visual cues without taking into account the radiologist's individual needs for the specific case. We asked six radiologists to interpret 20 single-view mammograms while their gaze was monitored via an eye-tracking device. 10 For each image location reported by the radiologist as suspicious, three gaze metrics were collected: total dwelling time, time from beginning of reading to when the radiologist fixates on the reported location for the first time, and number of returns, which is the number of times the radiologist refixates on a particular image location. Image locations that attracted prolonged dwelling but were not reported by the radiologists were also recorded. Then we used our in-house CADe system to analyze the same images. Instead of deploying the system with the same operating threshold for all readers, we designed the system to operate with local image thresholds guided by the radiologist's dwelling and reporting characteristics for the specific image location. Specifically, we applied three intuitive rules. Rule 1 is that if the radiologist reports a location, the CADe should operate with a lax decision threshold. Rule 2 states that if the radiologist dwells on a location but does not report it, the CADe system should operate with a moderate decision threshold. Rule 3 stipulates that for all image regions that attract short or no dwell, the system should operate with a strict threshold to avoid too many false-positive errors. We found that performance differed across users (since the operating mode is user-dependent) but that the user-adapted CADe had higher sensitivity and higher specificity than the same CADe system operating in a conventional mode with the same fixed threshold for all users (see Table 1 ).
We also studied the impact CADe would have on radiologists' performance if they used it as a second reader. Figure 1 shows that half of the radiologists would benefit substantially with user-adaptive CADe, but the other half would get the same benefit as they would from the conventional CADe. Thus, leveraging the individual user's perceptual and cognitive behavior can increase the potential benefit of a typical CADe system. With conventional CADe the radiologists' average sensitivity would increase significantly from 85.7 to 89.3%, whereas with user-adaptive CADe, the improvement would be even larger at 94.1%.
In a follow-up study using the same data from this group of radiologists, we established strong links between medical image content and the perceptual and cognitive behaviors the radiologists displayed when viewing a mammographic image. 11 For example, we observed that merging the radiologists' case-specific gaze metrics and cognitive behaviors with computer-extracted features that capture the textural content of the image could predict the radiologists' risk of diagnostic error. A secondary finding was that group-based understanding of the cognitive and perceptual behavior of the radiologists (less-experienced versus experienced practitioners) cannot adequately capture individual behavior. These results further encourage a paradigm shift in the way we develop and integrate computerized decision support systems in radiology. A human-centered CADe design is not only feasible but could be superior to the one-size-fits-all approach currently available in clinical practice.
Our next steps are to validate our findings with a large-scale study and continue to investigate innovative ways to establish a synergistic collaboration between humans and CADe. We have been exploring ways to capture richer spatiotemporal gaze and image context beyond what we included in the pilot study. Apart from the algorithmic challenges, there are some practical usability concerns with everyday use of eye-tracking technology in the radiology reading room. However, eye-tracking devices are becoming rapidly more user-friendly, robust, and integrated with soft-copy displays. We believe that with continuing advances in eye-tracking technology and related data analytics, the future of computer aids in radiology is very exciting. We envision a smart CADe system that anticipates and dynamically adapts to meet the evolving needs of the individual radiologist and case under review. 
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